Migration, wintering distribution and habitat use of an endangered tropical seabird, Barau's pe-
INTRODUCTION
Understanding the patterns of spatial and temporal variations in animal abundance is a fundamental question in ecology (Tobin 2004) . There have been numerous studies of the foraging ecology of seabirds during the breeding season, when birds regularly commute from their breeding grounds to their foraging areas (e.g. when they are 'central place foragers'). Far less is known about behaviour during the non-breeding period, mainly because of logistical and, until recently, technological limitations (Shealer 2002) . However, this period, when birds no longer are central place foragers, is critical for recovering body condition in advance of the following breeding season (Barbraud & Weimerskirch 2003) .
Migration can be viewed as an adaptation to an overall range in which changes in habitat quality are spatially and temporally asynchronous, such that movement allows acquisition of resources as they become regionally available (Dingle & Drake 2007) . Thus, migration is more pronounced at higher latitudes where food supplies vary seasonally (Newton 2008) . For example, in the Pacific, sooty shearwaters Puffinus griseus undertake a long, trans-equatorial migration, rapidly crossing warm, oligotrophic tropical waters to winter in productive temperate and subarctic areas (Shaffer et al. 2006 ). Recent studies have demonstrated similar, long trans-equatorial migrations for some species in the Atlantic Ocean, including Arctic terns Sterna paradisaea, Cory's shearwaters Calonectris diomedea, and Manx shearwaters Puffinus puffinus (González-Solís et al. 2007 , Guilford et al. 2009 , Egevang et al. 2010 . With the exception of some Cory's shearwaters, these species winter in high-productivity areas of the south Atlantic.
Key questions therefore remain about the behaviour of seabirds that breed in tropical environments: Do they stay in tropical waters year-round, or do they migrate to predictable upwelling regions, or to productive areas elsewhere? Do they adapt their migrations to annual conditions, and does this strategy lead to high inter-annual variability? To our knowledge, the postbreeding migration of tropical seabirds has been investigated in detail in only one species, the wedgetailed shearwater Puffinus pacificus from Aride Island, Seychelles, in the western Indian Ocean (Catry et al. 2009 ). These shearwaters remained in tropical waters throughout the year, performing an eastward migration to the central Indian Ocean rather than targeting productive areas in adjacent regions such as the upwelling of Somalia or the Arabian Gulf. A preliminary tracking study conducted on just 2 magnificent frigatebirds Fregata magnificens from Grand Connétable Island off French Guiana and a single great frigatebird Fregata minor from Europa Island (Indian Ocean) indicates that these 2 tropical species perform a largescale (up to 1000 km) migration after breeding, but, like the wedge-tailed shearwater, remain in tropical waters .
Gadfly petrels (genus Pterodroma) are medium-size seabirds (350 to 450 g) that breed on tropical, subtropical, and subantarctic oceanic islands. They are exclusively pelagic species and range far and wide from their breeding grounds (see MacLeod et al. 2008 ), but their foraging movements outside the breeding season are unknown. Using miniaturized geolocators (also termed Global Location Sensor or GLS loggers), we studied the post-breeding migration of Barau's petrel Pterodroma baraui, a tropical seabird endemic to Réunion Island (western Indian Ocean), during 2 consecutive years. Past records based on ship surveys have shown segregation between breeding and nonbreeding foraging areas (reviewed in Pinet et al. 2009 ). These studies indicated that Barau's petrel was clearly migratory, dispersing over a large area of open ocean. However, in the absence of tracking data, the nonbreeding distribution and details of individual movements of this species remained unknown. The goals of our study were to: (1) identify the main migratory pathways and wintering areas; (2) describe winter habitat occurrences, and; (3) investigate inter-annual variability in migration patterns.
MATERIALS AND METHODS
Study site and tracking data. Fieldwork was conducted at Réunion Island (55.33°E, 21.07°S), in the western Indian Ocean, where between 6000 and 8500 pairs of Barau's petrel breed from September to April (Bretagnolle & Attie 1991 , Le Corre et al. 2002 ). Barau's petrels are threatened at their breeding colonies by introduced cats, which dramatically increase adult mortality (Le Corre 2008 , Faulquier et al. 2009 ), and by light-induced mortality of fledglings (Le Corre et al. 2002) . Threats at sea, including interactions with fisheries, remain unknown.
Twenty-three Mk14 geolocators (British Antarctic Survey) measuring 20 × 8.5 × 5.5 mm and weighing 1.5 g (0.4% of the mean adult mass: 380 g) were deployed on Barau's petrels during 2 consecutive years; between February and March 2008 (end of the breeding season), 23 loggers were deployed on 11 breeders and 12 nonbreeders, and between November 2008 and March 2009, 12 loggers were deployed on 11 breeders and 1 non-breeder). Each logger was attached to a metal ring on the tarsus. The colony was visited during both daylight and darkness to increase the chances of recapturing birds. The loggers record light intensity and immersion in seawater. Light levels are measured every 60 s, and the maximum value is logged at the end of each successive 10 min interval. Tracked birds were sexed using molecular methods (Fridolfsson & Ellegren 1999 ) from blood collected from the tarsal vein.
Geolocation analysis. This paper focuses on the post-breeding migration (data from the breeding season will be analysed separately). For each track, we determined the departure and return dates using light and immersion data (no light during day time and/or no immersion indicates that the bird was in its burrow). The departure date was determined as the last day when the bird was in the burrow, confirmed by direct monitoring of attendance at the colony. The return date was defined as the first day the bird entered its burrow at the end of the winter. Bird locations between these dates were estimated using the 'TripEstimation' package (Sumner et al. 2009 , R Development Core team 2008 .org], Bost et al. 2009 supplementary material, Thiebot & Pinaud 2010 . Raw location estimations calculated from light data were first constrained by a land mask, the known locations of start and end points (the colony), and spatial boundaries beyond which locations were unrealistic. Then a state-space model (Kalman filter) (Kalman 1960) , including specific behavioural parameters and Markov chain Monte Carlo simulations ('TripEstimation' package) were used to improve the spatial likelihood of the tracks. Regarding the behavioural parameters, we used species characteristics to determine a log-normal distribution of mean speed over each 12 h period set at 30 km h -1 (P. Pinet unpubl. data), with a speed variance set at 15 km h -1 , equal to half mean speed, as recommended by the authors of the 'TripEstimation' package. The most probable track was obtained, with 2 locations per day, namely one at sunrise and one at sunset. This method also allowed realistic estimation of location during equinox periods with lower confidence intervals (Thiebot & Pinaud 2010) . Previous studies using geolocators on seabirds reported average errors ± SD of 186 ± 114 km (Phillips et al. 2004 ) and 202 ± 171 km (Shaffer et al. 2005) .
Analysis of migration patterns. For each bird, we divided the non-breeding period into 3 phases: the outward migration (OM), the wintering period (WP) and the return migration (RM). Outward and return migrations were easily characterised by more rapid, directed movements, whereas during the wintering period, movements showed greater sinuosity and lower travel speeds. For each bird and for the pooled dataset, we performed kernel analysis on locations along the predicted track using the 'adehabitat' (smoothing parameter h of 1°and 100 × 100 km grid cells) in the statistical software R (www.r-project.org). We considered the 50 and 95% kernel density contours to represent the core areas of activity and the area of active use, respectively (Hamer et al. 2007 , Catry et al. 2009 ). For each individual, the duration of the post-breeding migration was the time from colony departure to arrival at the first core wintering area (i.e. the 50% contour). Similarly, the return migration was the time between the last date in a core area and return to the colony. Differences in distribution between years and sexes were based on the proportional overlap of the 50 and 95% kernels (González-Solís et al. 2000 , Hyrenbach et al. 2002 .
Habitat use analysis. We compared environmental characteristics in the core region (within the 50% kernel contour) with those in peripheral areas (the region between the 50 and 95% contour, corresponding to the remainder of the area of active use). Given the inherent error in geolocation, we used a spatial resolution of 1°for all environmental data. The oceanographic characteristics selected for comparison were based on the possible relevance to Barau's petrel foraging behaviour. Bathymetry (Bat) is a constant factor, whereas SST, chlorophyll a (chl a; a proxy of biological production in the upper layer of the ocean), and wind speed (Wind) are dynamic. We considered 4 different productivity regimes based on chl a values: oligotrophic (chl a < 0.1 mg m ) (Kahru & Mitchell 2000) . Bathymetric data were obtained from NOAA's ETOPO 1 min data set. We used monthly averages (downloaded from Bloomwatch database: http://coastwatch. pfel.noaa.gov) for all remotely sensed factors to investigate habitat characteristics and habitat selection. One-way ANOVAs, followed by post hoc Tukey tests, were used to compare oceanographic means (water depth, sea surface temperature [SST]), wind speed and chl a concentrations extracted for each kernel core) of areas used by Barau's petrels. Statistical analyses were performed with R software.
RESULTS

Logger recovery
Of 23 devices deployed in 2008, 16 (70%) were retrieved during the first 4 mo of the following breeding season (September to December 2008). Of these 16, 12 (from 9 females and 3 males) were downloaded successfully. Eleven of 12 loggers deployed in 2009 were recovered (95%; 9 males and 2 females), which all downloaded successfully. Post-breeding Barau's petrels were tracked for a mean (± SD) of 169.3 ± 16.5 d in 2008, and 165.6 ± 9.1 d in 2009, totalling 4188 and 3550 locations, respectively (Table 1) . We did not find any obvious detrimental effects of the loggers; out of the 18 breeding birds equipped, only 1 bird failed during the early incubation stage in 2009.
Migration schedule
All tracked birds departed the colony in late March and reached their wintering area (individual 50% density contours) ca. 22 ± 13 d later, in mid-April, where they remained for ca. 127 d. Birds that initiated migration earlier took longer to reach their core area (r 2 = 0.62, p < 0.005). The westward return migration started synchronously between 20 and 25 August 2009 and lasted 14 to 20 d; hence, most birds returned to the colony between 5 and 15 September. This pattern did not differ between sexes, and both breeders and nonbreeders had similar migration schedules. Although 
Migration routes and wintering areas
After the breeding season, all tracked birds showed a consistent pattern of eastward migration to reach core wintering areas in the central and eastern tropical Indian Ocean (Fig. 1) . Maximum distances from the colony ranged from 2646 to 6233 km (Table 1 ). The mean distance travelled per day for each bird during the outward and return migrations ranged from 110 km to 600 km. On average, the minimum total distance covered during the whole wintering period (including movement within the core wintering area) was 28 500 km. Barau's petrels showed 2 types of migration flight: 15 birds travelled directly both from the colony to the wintering area and from the wintering area to the colony (direct commuting flight: DF), whereas 8 birds undertook a wide loop to the south before reaching their wintering area (loop flight: L) (see Table 1 , Fig. 2 ). Although 5 birds performed their post-breeding migration between 25°S and 45°S, migration flyways were mostly between 15°S and 25°S for the outward and return migrations (Fig. 1) . There was no significant difference in the mean distance travelled in the 2 yr of the study, nor any apparent effect of sex or breeding status (breeders vs. non-breeders). The overall wintering distribution of the tracked birds was between 77 and 97°E in 2008, and 74 and 91°E in 2009, around the Ninety East Ridge (Fig. 3) . Birds travelled widely within core wintering areas, and daily travel distance was much shorter than during the outward and return migrations (Fig. 2) . Wintering areas (50 and 95% density contours) between years overlapped spatially, ranging from 50 to 81%. The core area (50% contour) in 2008 was 2 times larger than in 2009 (2 985 743 km 2 and 1 401 733 km 2 , respectively). However, core areas between years overlapped by as much as 81%, and sex-specific core areas overlapped by as much as 91%.
Marine habitats
Oceanographic characteristics of wintering areas (50 and 95% density contours) of Barau's petrels are presented in Table 2 . Wintering Barau's petrels consistently foraged over deep (2300 to 5500 m), tropical (22 to 28°C), and oligotrophic (mean ± SD: 0.09 ± 0.03 mg m -3 of chl a) waters in both years of the study (Table 2) . They were not found over shallow continental shelves (Fig. 4d) but used a restricted region of the open ocean between warm equatorial (> 28°C), and cool subtropical (< 22°C) waters (Fig. 4a,b) . Although the core area was 2 times larger in 2008 than in 2009, no marked differences in environmental parameters were apparent. In both years, waters in core areas (50% contours) had significantly greater chl a concentration and greater SST (F 1,4982 = 51.348, p < 0.0001 and F 1,4982 = 173.13, p < 0.0001, respectively), than in the active area as a whole (between the 50 and 95% contour) (Fig. 4) . Tracked birds consistently occurred in an environment with significantly stronger easterly winds (9.48 ± 0.96 m s -1 ) (F 1,4982 = 307.58, p < 0.0001, followed by post hoc Tukey tests) (Fig. 4c ) and avoided regions of slow westerlies (Fig. 5) . The extent of the region with strong winds was greater in 2008 than 2009 (Fig. 5) , which could explain the reduction in distribution from one year to the next.
DISCUSSION
The distribution of Barau's petrels at sea was virtually unknown prior to this study; hence, this is the first study to describe in detail the migration and wintering areas of this endangered gadfly petrel. Indeed, to our knowledge, it is only the second study using geolocators to investigate the migration behaviour of a tropical seabird, and the first to do so in multiple years (cf. Catry et al. 2009 ). 
Migration timing, routes, and wintering areas
All birds (both breeders and non-breeders) started their post-breeding migration synchronously at the end of the summer (late March) in both years, and returned to the nesting grounds in September. Interestingly, the mean return dates coincided with the full moon in both years of the study (2008: 15 September for both returns dates and full moon; 2009: 4 and 5 September, respectively), suggesting that the birds use this cue to synchronise their activity. The effect of moon cycle on attendance and various other aspects of behaviour of small burrowing seabirds at colonies has been considered previously in the context of antipredator behaviour (Imber 1975 , Watanuki 1986 , Le Corre et al. 2002 . However, our results strongly sug- gest that moon calendar also influences timing of migration, such that the first return of Barau's petrels to the colony always takes place during bright, moonlit nights. Contrary to inferences from boat surveys (reviewed in Pinet et al. 2009 ), adult Barau's petrels (both breeders and non-breeders from the preceding summer) do not disperse widely over the whole Indian Ocean during the winter, but instead show a consistent eastward migration to a specific area of the central and eastern Indian Ocean. All tracked birds in this study flew to this area, travelling on average 4250 km in 22 d (see Table 1 ). Once in these core wintering areas, distance travelled per day was much lower (see Fig. 2 ). This change in flight characteristics is typical of birds arriving at foraging grounds (Weimerskirch et al. 1997 , Pinaud & Weimerskirch 2005 , 2007 ).
Barau's petrels did not select the more productive areas of the Indian Ocean (Arabian Gulf and upwelling of Somalia) but foraged over oligotrophic and mesotrophic waters far from the coast. Past at-sea sightings suggested a northward distribution in the southern Arabian Sea (Van den Berg et al. 1991) , between the Maldives and Sumatra (van Marle & Voous 1988 , Van den Berg et al. 1991 , and in the Cocos-Keeling Island region (Chapman & Cheshire 1987) . In contrast, none of our tracked birds migrated north of 10°S, suggesting that at least by the age of attending colonies (as breeders or non-breeders), adults do not migrate that far north. Further tracking studies of adults and juveniles in the same year would be needed to confirm this hypothesis.
Marine habitats used
Overall, chl a concentrations are low in the western and central Indian Ocean, especially in comparison with equatorial regions of the Pacific and Atlantic Oceans (Tomczak & Godfrey 2003) . The strongest upwellings in the Indian Ocean occur when the southeast monsoon produces strong Ekman transport away from the coasts of Somalia, Arabia, India and Sri Lanka (Tomczak & Godfrey 2003 ). Barau's petrels did not use these areas, despite the characteristically high primary productivity found there and a travel distance from Réunion Island (< 4000 km) comparable with that to the wintering areas identified in our study.
Our results therefore indicate that Barau's petrels target wintering regions with specific oceanographic or biological attributes that differ from more coastal upwelling, including the area south of 10°S between the eastward Equatorial Counter Current and the westward South Equatorial Current. This area is characterized by a combination of strong winds and mesotrophic waters. South of 10°S, the southeast trade winds persist throughout the year and have their seasonal maximum and most northerly extent during the southern winter (Schott & McCreary 2001) . It is now fairly well established that the periods of elevated biological activity result from the semi-annual wind reversals associated with the monsoon system (Wiggert et al. 2005 (Wiggert et al. , 2006 . Over the northern Indian Ocean (north of 10°S), winds generally blow from the southwest during the summer monsoon and from the northeast during the winter monsoon. These seasonally reversing winds force a seasonally reversing circulation in the upper ocean (Schott & McCreary 2001 , Shankar et al. 2002 . Monsoon winds also cause vertical mixing and produce coastal and open ocean upwelling and downwelling (Lee et al. 2000 , Schott & McCreary 2001 . This complex system leads to pronounced basin-wide spatio-temporal variability in the physical factors affecting productivity, i.e. the surface delivery of limiting nutrients and the mixed-layer depth (Nair et al. 1989 , Lévy et al. 2007 ). This drastic variation in wind and currents north of 10°S may create a frontal system at the southern limit of which productivity and prey are concentrated. The regional analysis of phytoplankton blooms published by Levy et al. 2007 showed a wellmarked seasonal bloom occurring during austral winter in the central Indian Ocean (see Fig. 3e in Levy et al 2007) . Interestingly, the wintering area of Barau's petrels matches very well with this bloom, suggesting that birds take advantage of these seasonal and predictable enrichments.
There is increasing evidence that the long-distance movements of migratory seabirds are heavily influenced by seasonality in wind strength and direction (Felicísimo et al. 2008 , Egevang et al. 2010 . Our results show that Barau's petrels favour areas with relatively strong winds during the non-breeding period. Based on the hypothesis of wind-driven movement, calm weather or strong head winds act as a barrier that can affect trans-oceanic paths (Felicísimo et al. 2008) . Hence, even if the northern Indian Ocean is more productive, we hypothesize that the unfavourable wind regime (direction and speed) north of 10°S would make these waters unavailable for wintering Barau's petrels. They may also avoid the Somalian and Arabian coasts because productive upwellings usually concentrate high densities of other foraging seabirds, hence leading to potentially greater inter-specific competition for resources (Ballance et al. 1997) .
There is therefore a clear geographical segregation between wedge-tailed shearwaters from Aride in the Seychelles and Barau's petrels, which are found further south, between 15°S and 30°S. The wintering areas of wedge-tailed shearwaters in the Indian Ocean correspond closely to the distribution of catches of yellowfin tuna Thunnus albacores and skipjack tuna Katsuwonus pelamis by fisheries and were mostly in waters between 5°N and 10°S, which are under the influence of the Equatorial Counter Current (Catry et al. 2009 ). Previous studies suggest a number of mechanisms that may reduce the level of inter-specific competition for resources during the breeding season, including spatial, dietary, and behavioural segregation at sea (Hyrenbach et al. 2002 , Waugh & Weimerskirch 2003 , Phillips et al. 2005a . Recent tracking data suggest, similarly, that the moderate to high degree of spatio-temporal isolation between congeners and conspecifics reduces competition during the non-breeding period (Croxall et al. 2005 , Phillips et al. 2005b , which may be the reason for the lack of overlap between Barau's petrels and wedge-tailed shearwaters.
Individual and annual variation
Although the sex bias in our samples of tracked birds changed in the 2 yr of our study, we found no suggestion of sexual segregation in wintering areas of Barau's petrels. This may indicate that males and females do not compete for food because resources are not strongly limiting in the wintering area, or because they have distinct diet preferences. There is currently no evidence for the latter; preliminary results from stable isotope analysis of feathers grown during the winter by Barau's petrels revealed no measurable sexual differences in trophic level (J. Kojadinovic unpubl. data). This conforms with results from a recent study of a suite of non-breeding procellariids, showing no apparent trophic segregation between sexes in smaller species that exhibit limited or no sexual size dimorphism ). Furthermore, Kojadinovic et al. (2008) suggested that the absence of large shifts in feeding behaviours of Barau's petrels from one season to another potentially indicated the use of the same preys during both breeding and non-breeding seasons, but further data on diet throughout the year are still needed to confirm this interpretation.
Routes and timing of migration of Barau's petrels varied little between individuals, but wintering areas were remarkably consistent from year to year. Interestingly, 8 of 23 birds performed loop flights farther south, where westerly winds were stronger. Wind strength and direction are known to be important factors affecting the overall movements that ultimately delineate the distribution of petrels at sea (Adams & Flora 2009 ). For Barau's petrels, certain atmospheric conditions (e.g. anticyclones) could trigger migration towards the east.
There was a high overlap in wintering areas used in both years (Fig. 3) . This indicates that Barau's petrels consistently select specific wintering grounds in tropical waters, despite these habitats generally being regarded as low-productivity and low-variability areas (see Longhurst & Pauly 1987) . Adams & Flora (2009) showed that winds associated with slower moving (anticyclonic) and faster propagating (cyclonic) cells are an important influence on the at-sea distribution and long-range trajectories of procellariiform seabirds. In the Indian Ocean, productivity is known to be poor, unpredictable, and patchily distributed (Longhurst & Pauly 1987) . On the other hand, large-scale wind patterns are highly predictable and seasonal (Lévy et al. 2007 , Resplandy et al. 2009 ). Given the strong overlap between the wintering areas of Barau's petrels and strong winds (Fig. 5) , we hypothesise that wind regime plays a major role in determining migration pathways and in the selection of wintering areas in this species (see also Liechti 2006) .
Implication for conservation
As already mentioned, the Barau's petrel is an endangered seabird (IUCN 2010) endemic to Réunion Island. The main threats identified so far are all landbased: predation of adults and chicks by feral cats at colonies (Faulquier et al. 2009 ) and massive fledgling mortality induced by urban light attraction (Le Corre et al. 2002) . Population modelling has shown that these threats, especially those reducing adult survival (like cat predation), may drive the species to extinction (Le Corre 2008 , Dumont et al. 2010 ). Thus, a conservation plan is currently being implemented to save the species from extinction (Salamolard 2007). One of the issues pointed out by this conservation plan was the major knowledge gap on the marine stage of the Barau's petrel, preventing any assessment of the threats of this species when at sea.
The results presented here very clearly fill this gap. More specifically, we have shown here that the bulk of the Barau's petrel population winter consistently in a well defined area of the central and eastern Indian Ocean. Although we do not know yet if the species is affected by human activities in this wintering area, identifying the 'wintering hotspot' is of major importance if the goal is to protect the species during its complete vital cycle. Further studies focused on this specific area should be conducted to better understand why Barau's petrels consistently select this region, whether other species also do so, and to identify potential threats. 
